Edible honeysuckle (honeyberry) Lonicera caerulea is becoming popular as a novel berry crop with several useful features such as early fruit ripening and exceptional hardiness, particularly resistance to pests and diseases as well as severe frosts in winter and droughts in summer. The triterpenoid profile of fruit and leaf cuticular waxes of edible honeysuckle (a Russian cultivar Chernichka) was analyzed by GC-MS. The major compounds identified were the tetracyclic triterpenoids campesterol, cholesterol, cycloartanol, cycloart-23-ene-3,25-diol, 24-methylenecycloartanol (only in leaves), sitosterol, stigmasta-3,5-dien-7-one, and stigmasterol; and the pentacyclic triterpenes: α-amyrin, β-amyrin, hop-22(29)-en-3-one, oleanolic acid, and ursolic acid. Several remarkable features of the analyzed triterpenoid contents were revealed, including the relatively low abundance of triterpenoids in fruit waxes (6.5% of wax extract) compared to leaf waxes (22%), and a particularly high proportion of tetracyclic triterpenoids (tetracyclic to pentacyclic compound ratios of 4:1 in fruits and almost 7:1 in leaves). These rare features distinguish the triterpenoid profile of the cuticular waxes of L. caerulea var. kamtschatica from the majority of triterpenoid profiles in plant cuticular waxes investigated to date. To our knowledge, this is the first quantitative compositional study on triterpenoid compounds in the cuticular waxes of edible honeysuckle, supplementing the knowledge of cuticular triterpenoid diversity and distribution.
Introduction
The genus Lonicera (Caprifoliaceae) consists of approximately 200 species of vines and shrubs distributed throughout the Northern Hemisphere, mostly in temperate regions. A number of these plants are well known as ornamental shrubs prized for their sweet scented flowers, some (e.g., Japanese honeysuckle) are important traditional medicines [1] , while others, that bear edible fruits, are becoming popular as novel berry crops with several useful features such as early fruit ripening and exceptional hardiness [2] [3] [4] [5] .
Up to 17 species of edible honeysuckle belonging to the Caerulea Red. section have been recognized including the most popular ones: Lonicera caerulea var. edulis, L. c. var. kamtschatica, and L. c. var. altaica [6, 7] . The first report mentioning edible honeysuckle as a horticultural plant was in 1894 [2] , and it subsequently spread widely in private and commercial gardens in Russia and Japan. More recently, breeding
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programs have been carried out in Europe, the USA, and Canada [3, 6, 8] . Edible honeysuckle (also known as blue honeysuckle, sweet berry honeysuckle, honeyberry, haskap, haskappu) is one of the most hardy fruiting plants, being resistant to pests and diseases as well as severe droughts in summer and temperatures below −40°C in winter [6, 8] . Moreover, the expanded flowers have proven resistant to injury even when exposed to a temperature of −8°C [4, 7] .
The fruits of edible honeysuckle, maturing several weeks before strawberries, are elongated, cylindrical or elliptical in shape, blue with dark-purple flesh and a flavor resembling that of bilberry, although with a characteristic bitterness. They have been used in folk medicine in northern Russia, China, and Japan, and several pharmacological activities of honeysuckle berry extracts have recently been reported, including antioxidant, antiinflammatory, and antibacterial properties ascribed mainly to their high phenolic content [5, 7, 9] . Over the last decade, the phenolic profile of edible honeysuckle berries has been thoroughly studied, but in contrast to other edible fruits, its triterpenoid content has not yet been well characterized. Therefore, the aim of this study was the profiling and quantitative determination of triterpenoids in chloroform extracts from fruit and leaf cuticular waxes of honeysuckle Lonicera caerulea L. var. kamtschatica by GC-MS.
Triterpenoids represent a large group of plant metabolites synthesized from isopentenyl diphosphate via the C30 precursor hydrocarbon squalene [10, 11] . These polycyclic compounds include steroids and triterpenes of high structural and functional diversity [12, 13] . In their free and esterified forms, they are commonly found in cuticles, particularly plant surface waxes [14] . However, before the development of suitable analytical methods, triterpenoid content of cuticular waxes was considered as rather not interesting and poor in contrast to the rich composition of these compounds occurring in the entire organs. The lack of appropriate methods and standards caused the misleading opinion that only a few structures are present in the cuticular waxes of diverse plant taxa [15] . The recent intensive studies on the occurrence of triterpenoids in surface waxes covering plant organs have demonstrated that the chemical composition of cuticles shows great variability, not only among different plant species, but also between different organs of an individual plant. Therefore, the studies on triterpenoid content in plant waxes require thorough case-by-case investigation.
The presence of triterpenoids in the surface layer is of interest due to their potential role in the protection against biotic stresses, and in the case of fruits -in the modulation of the mechanical toughness and the post-harvest quality [16, 17] . It is commonly assumed that the protection against water loss is not a primary function of triterpenoid constituent. However, as recently demonstrated for Fuyu persimmon fruit, triterpenoids might enhance the mechanical resistance of the cuticle by filling the gaps in the cutin matrix with low-ordered crystals [16] . The new data about triterpenoid content in edible fruits also supplement the current knowledge of the potential health benefits ascribed to their consumption. Berry fruits particularly are regarded as a functional mixture of water-soluble compounds from the fruit flesh and lipophilic constituents of the cuticle [18] . Moreover, the acquired data on the triterpenoid profile of cuticular waxes give some indication of the main triterpenoid skeletons synthesized by the plant and provide the basis for further investigations of the triterpenoid content of whole plant organs.
Material and methods

Plant material
Young plants of the Russian honeysuckle cultivar L. caerulea var. kamtschatica "Chernichka" were purchased from Polish Vegetable Seed Farming and Nursery Enterprise PNOS and cultivated in a small plantation in Stare Bosewo, central Poland (52°460 N, 21°332 E). Fruit and leaf samples were collected from 10-year-old bushes in May 2015.
Chemicals and standards
Analytical grade solvents, i.e., chloroform, diethyl ether, methanol (Chempur, Poland) were used for extraction, chromatography, and sample preparation for GC-MS analysis. Authentic standards of α-amyrin, ursolic acid methyl ester (Roth, Germany), β-amyrin, campesterol, cholesterol, sitosterol, stigmasterol, and oleanolic acid (Sigma-Aldrich, Germany) were used for chromatography and mass spectrometry. NaOH (POCH, Poland), nitrosomethylurea (Sigma-Aldrich, Germany) were used for alkaline hydrolysis and methylation. Preparative thin layer chromatography was performed on 20 × 20 cm glass plates coated with a 0.25 mm layer of silica gel 60H (Merck).
Extraction of cuticular waxes
Fruits (samples of weigh of approximately 6 g) and leaves (samples of approximately 2 g) of honeysuckle were extracted by short (30 s) immersion in chloroform (volume of 25 mL and 40 mL for fruits and leaves, respectively) at room temperature. All experiments were done in three replicates. The obtained extracts were decanted, filtered, evaporated to dryness under a gentle stream of nitrogen, and weighted.
Fractionation of wax extracts
Extracts were fractionated by adsoption chromatography as described previously [19] [20] [21] [22] on silica gel plates in the solvent system CHCl 3 /MeOH (97:3, v/v). Fractions were localized on plates by comparison with standards (oleanolic acid, α-amyrin, and sitosterol) and eluted from the gel in diethyl ether. Three fractions, i.e., triterpene acids, combined fraction of free (non-esterified) triterpene alcohols and sterols (referred to as neutral triterpenoids), and triterpenoid esters (extracted from the line of the solvent) were obtained. The fractions containing free triterpene alcohols and sterols were directly analyzed by GC-MS without derivatization, whereas prior to this analysis, fractions containing triterpene acids were methylated with the solution of diazomethane in diethyl ether at 2°C for 24 h, and those containing triterpene esters were subjected to alkaline hydrolysis with 10% NaOH in 80% MeOH at 80°C for 3 h [19] [20] [21] .
Identification and quantification of triterpenoids by GC-MS
An Agilent Technologies 7890A gas chromatograph was applied for qualitative (MS) and quantitative (FID) analyses with the use of a 5975C mass spectrometric detector and a flame ionization detector, respectively. Samples were dissolved in 1-4 μL of a 5:1 diethyl ether : methanol mixture and applied by split injection 1:10 to a HP-5MS column (30 m × 0.25 mm i.d., film thickness 0.25 μm). A carrier gas was helium at a flow rate of 1 mL/min. The other parameters were employed as follows: column temperature -280°C, inlet and FID temperature -290°C, MS transfer line temperature -275°C, quadrupole temperature -150°C, ion source temperature -230°C, EI 70 eV, m/z range -33-500, FID gas (H 2 ) flow rate -30 mL/min (hydrogen generator), air flow rate -400 mL/min. Identification of individual compounds was achieved by comparing their mass spectra with library data from Wiley 9th ed. and NIST 2008 Lib. SW (databases version 2010), and where available, by comparison of their retention times and corresponding mass spectra with those of authentic standards [19] [20] [21] [22] . Quantification was based on measuring the area of peaks in the GC-FID chromatograms and performed with the use of external standard method, i.e., calibration curves prepared separately for known concentrations of standards belonging to main triterpenoid classes (α-amyrin for triterpene alcohols, oleanolic acid methyl ester for acids, sitosterol for sterols). Final data were counted as the means ± standard deviation of three independent samples.
Results
Representative GC chromatograms of the fractions containing triterpene alcohols, ketones, and sterols obtained from chloroform extracts of cuticular waxes covering honeysuckle fruits and leaves are shown in Fig. 1 . The peaks identified as being associated with triterpenoid compounds are numbered from the shortest to the longest retention time (Tab. 1). Not numbered peaks were in most cases identified as aliphatic compounds, e.g., the significant peaks of R T The principal peaks identified as triterpenoid compounds on the chromatogram of this fraction from fruit wax, i.e., peaks numbered 1, 4, 8, and 11 in Fig. 1a , had mass spectra of cholesterol, sitosterol, stigmasta-3,5-dien-7-one and pentacyclic triterpene ketone A'-neogammacer-22(29)-en-3-one [i.e., hop-22(29)-en-3-one], respectively. Other, smaller peaks were also identified: Peaks 2 and 3 -the typical phytosterols, campesterol and stigmasterol, Peaks 5 and 10 -tetracyclic triterpene cycloartanol and its derivative with an additional hydroxyl group, cycloart-23-ene-3,25-diol, and Peaks 6 and 7 -pentacyclic triterpene alcohols α-amyrin and β-amyrin. The chromatogram of the respective fraction from leaf wax (Fig. 1b) differed markedly from that of fruit wax in the intensity of some of the identified peaks (e.g., 7, 8, 11) as well as in the presence of the predominant Peak 9, identified as 24-methylenecycloartanol, which was not detected on chromatogram showed in Fig. 1a .
The fractions supposed to contain free triterpene acids were analyzed by GC-MS after derivatization. However, only very small peaks identified as associated with methyl esters of oleanolic and ursolic acids were detected on the obtained chromatograms (not shown). GC-MS analysis of the fractions containing esters, which had been subjected to alkaline hydrolysis to release free triterpenoid compounds, revealed the presence of some small peaks: the chromatograms of the fruit wax fraction contained peaks representing cholesterol, stigmasterol, and sitosterol, whereas peaks representing sitosterol and both amyrins were present on chromatograms of the leaf wax fraction (chromatograms not shown).
Therefore, according to GC-MS analysis (Tab. 1), the main triterpenoid profile of honeysuckle cuticular waxes is composed of the tetracyclic compounds campesterol, cholesterol, cycloartanol, cycloart-23-ene-3,25-diol, 24-methylenecycloartanol (only in leaves), sitosterol, stigmasta-3,5-dien-7-one, and stigmasterol and the pentacyclic compounds α-amyrin, β-amyrin, hop-22(29)-en-3-one, oleanolic acid, and ursolic acid.
The results of the quantitative determination of individual triterpenoids identified in cuticular waxes of the fruits and leaves of honeysuckle are presented in Tab. 2. The total triterpenoid content was much lower in fruits than in leaves, accounting for 62.51 and 219.75 µg mg −1 of wax extract mass, respectively. Tetracyclic triterpenoids were dominant in the extracts of both fruit and leaf wax, comprising (including esters) 80% of all triterpenoids in the former and 87% in the latter. The principal triterpenoid in fruit wax was sitosterol (42% of all triterpenoids, 57% of tetracyclic compounds), whereas in leaf wax, 24-methylenecycloartanol was predominant (57% of Tab. 1 GC-MS data of triterpenoids identified in fruit and leaf cuticular waxes of edible honeysuckle. Compounds are arranged in the elution order on GC. Peaks are numbered on the chromatogram of the fractions containing steroids and triterpenes.
Peak number
Retention time (min)
Identified compound Mass spectrum m/z (relative intensity) (27) , 41 (21) all triterpenoids, 66% of tetracyclic compounds). A considerable amount of cholesterol, which has been reported as a minor constituent of surface waxes of some other plants [23, 24] , was detected in both the fruit and leaf waxes of honeysuckle. In the fruit wax, cholesterol accounted for 8% of all triterpenoids, i.e., 11% of all tetracyclic compounds, whereas in the leaf wax, its level was markedly lower (2.6% of all triterpenoids, i.e., 3% of tetracyclic compounds). Among the pentacyclic compounds, hop-22(29)-en-3-one was predominant in the fruit wax, where it accounted for 37% of this fraction, while α-amyrin was the most abundant in the leaf wax, constituting 77% of the pentacyclic triterpene fraction. Oleanolic acid and ursolic acid were detected in waxes of both organs in relatively small amounts: together these compounds accounted for 15% of the triterpenoid fraction in fruit wax, and for only 5.5% in leaf wax. Triterpenoid esters present in fruit wax were mainly those of sterols, whereas in leaf wax, besides sitosterol esters, esters of both amyrins were also detected.
Discussion
There have been a number of attempts to use profiles of cuticular waxes as taxonomic markers for species, or species groups, reflecting both ecological and genetic relationships [25, 26] . Many of these studies were based primarily on the analysis of aliphatic compounds, which are essential for wax composition and function. However, the utility of chemotaxonomic analyses based on aliphatic compounds is debatable, since the predominant alkane molecules are ubiquitous in higher plants [27] . Therefore, it is necessary to not only identify these compounds but also to establish their proportions and the characteristic ratios of linear alkanes of different chain length, but this still does not always permit the differentiation of species. Therefore, the presence and diversity of triterpenoids in cuticular waxes may be of great systematic significance, even if in some species these compounds are present only in trace amounts. The fruit cuticular wax of edible honeysuckle contains a strikingly low amount of triterpenoids (only 6.25% of the total wax extract), which is a feature that clearly distinguishes this berry (a member of the Caprifoliaceae) from edible berries of plants belonging to other families, e.g., bilberry Vaccinium myrtillus L. [20] , cowberry V. vitis-idaea L. [19, 28] , and cranberry V. macrocarpon Ait. of the Ericaceae [29] or grapevine Vitis vinifera L. of Vitaceae [21, 22] .
There are both quantitative and qualitative differences between the triterpenoid contents of the fruit and leaf cuticular waxes of honeysuckle, e.g., the higher level of hop-22(29)-en-3-one in fruits and the occurrence of 24-methylenecycloartanol only in leaves. It has frequently been demonstrated that waxes from different organs of the same plant can differ substantially in their chemical composition [24, 28, 30] . However, the characteristic profile of dominant triterpenoids, which reflects the pathway of their biosynthesis in the plant, remains the same in each organ, regardless of such fluctuations. Pentacyclic triterpenes with oleanane, ursane, and neogammacerane skeletons are found in the cuticular waxes of both the fruit and leaves of honeysuckle. The striking abundance of tetracyclic triterpenoids (ratios of tetracyclic to pentacyclic compounds of 4:1 in fruits and 6.7:1 in leaves), which comprise both common phytosterols and also remarkable amounts of cholesterol and cycloartanol derivatives, namely: cycloart-23-ene-3,25-diol and 24-methylenecycloartanol (the latter only in leaves), distinguishes the triterpenoid profile of the cuticular waxes of Lonicera caerulea var. kamtschatica from the majority of other such profiles investigated to date. The relative abundance of triterpenoids in cuticular waxes can also have other implications concerning the form in which these compounds occur in the plant. Ericaceae species accumulate significant amounts of tritepenoids in a free and esterified form in cuticular waxes, while they synthesize very small amounts of their glycoside conjugates called saponins found in other tissues [20, 28, 31] . In contrast, many plants belonging to the genus Lonicera are known for high levels of saponins, mainly of oleanolic acid and hederagenin [1] , or lupane-type triterpenes as aglycones [32] . Thus, the low abundance of free-form triterpenoids in cuticular waxes might indicate their occurrence as saponins accumulated inside the plant organs. If this presumption would be confirmed in the future research, the evaluation of the plant material as a source of triterpenoids in either free or glycosidic forms can be significantly simplified and based exclusively on the analysis of the content of triterpenoids in cuticular waxes of the plant organs (leaves, flowers, fruit). Consequently, a fast screen for triterpenoid profile in cuticular waxes might permit to presume the form and composition of these compounds in the entire plant organ.
